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ON THE EXCESS OF OUTWARD MOTION OF THE 
STARS OF CLASS B 


By C. D. PERRINE 


The residual velocities of the B stars, after eliminating the solar 


motion, show a strong positive tendency, so much so that it gave 
rise to the belief that there was some sort of a constant error 
in the positions of the lines of their spectra, or a pressure-effect in 
the atmospheres of these stars which caused their velocities to 
be observed too large on the average by +4 or +5 km. 

The preference of the B stars for the Galaxy and their distance, 
together with the hypothesis that their great brightness and peculiar 
spectral condition result from the action of cosmical matter in those 
regions, suggest an explanation for this excess of outward motion. 
It is that a process of selection has been at work, that the B stars 
are those which have penetrated the region richest in such cosmical 
matter, and that the observer being on the inside of such a ring 
of matter these stars, or at least the nearer ones, would have a 
preference for outward motion. Such a theory requires that only 
the stars which were moving outward would have passed into this 
ring of matter and become B-type stars, if we assume that the 
ring of matter is very extensive. If not of so great extent, then 
some stars could have entered from the outside. Such stars 
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would in general be approaching the observer and would be fainter. 
If such is the true condition, then the brighter and nearer stars 
of class B should show almost entirely outward motion, and the 
fainter and more distant of these stars might contain a consider- 
able proportion of approaching stars. This condition would be 
modified somewhat if the matter were not circular but spiral, for 
example. In a previous investigation’ attention was drawn to the 
fact that there was a progressive change in the residual velocities 
of stars of class B, the brighter ones showing an excess of outward 
motion, whereas the fainter stars showed an excess of inward 
motion. These results were from velocities in which the constant 
error term K had been removed. As later evidence has been 
found? tending to show that this term K is really an excess of 
outward motion the foregoing progression indicates not inward 
motion for the fainter stars but a smaller excess of outward motion 
for these stars. A re-examination was made of these B stars in 
which they were classified with respect to size of proper motion 
also. The results are given in Table I. 

On account of the well-known differences of the later B stars 
only classes B to Bs inclusive were used. Three facts are notice- 
able in these results: 

a) Only one star brighter than magnitude 3.0 is approaching, 
and that is barely over the line (—1 km). 

b) The proportion of approaching stars increases toward the 
fainter magnitudes and is greater for the stars of smaller yu. 

c) The residual velocities in the stars of smaller wu decrease 
toward the fainter stars. This decrease is due to the increasing 
proportion of stars of approach among the fainter stars and not to 
a general decrease of outward motion, as is seen from the receding 
stars which are given just underneath the results for both classes in 
Table I. 

Adams’ list of the radial velocities of 500 stars* contains 27 stars 
of classes B to Bs inclusive. With two exceptions they are all 
fainter than magnitude 5.0, having a mean of 5.4. Of these to, 
or 37 per cent, are approaching. The residual velocity of the 27 

t Astrophysical Journal, 41, 319, 1915. 2 Tbid., 44, 244, 1916. 

3 Mt. Wilson Contr., No. 105; Astrophysical Journal, 42, 172, 1915. 
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148 C. D. PERRINE 


is +2.2 km and of the 17 receding stars +9.3km. These agree 
well with the results in Table I. 

The results in Table I are shown graphically in Fig. 1, where 
the curves A and C relate to magnitude, B and D to u. 

The foregoing results led to an examination of the galactic 
stars of other spectral classes with a view to discovering if this 
preference of approaching motions for the fainter and more distant 
stars is a general phenomenon or is confined to the B stars. Like 
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the preceding this examination was first limited to Campbell’s 
L.O. catalogues because they represent all parts of the sky. Only 
the numbers of stars are considered in this case, the residual veloci- 
ties being left for later investigation, largely on account of the 
few stars available in some of the spectral classes. The results 
are given in Table II. They show that there is essentially no 
preference of the galactic stars of spectral classes A, F, G, K, and M 
for positive velocities, the distributions being as uniform between 
positive and negative velocities as can be expected from the nature 
of the data. The number of the brighter stars in class M is too small 
for the predominance of positive velocities to have any signifi- 
cance in the face of the uniformity shown by the larger number of 
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the fainter stars of the same class. The intermediate position of the 
B8 and Bo stars is noticeable but of small weight on account of their 
small number. I conclude, therefore, that among the 852 galactic 
stars examined only the B-type stars show a numerical preference 
for receding velocities, all of the other types showing no preference 
either for receding or approaching motions. 


TABLE II 


ACCORDING TO DIRECTION OF MOTION 


CAMPBELL’s L.O. CATALOGUES. GALACTIC 


3.9 AND BRIGHTER | 4.0 AND FAINTER 
SPECTRAL Receding Approaching Receding Approaching Tortat No. 
CLass m i in Ptah or STARS 
he Percent- a Percent 1 te. Percent 7 a Percent- 
age age age | age 
B-Bs. ; 60 Q2 5 8 81 71 33 29 179 
B8-Bo.. .. 5 83 I 17 16 59 II 41 33 
ap a, = 36 18 64 4! 49 2 51 III 
veer 13 52 12 48 43 47 48 53 116 
| : 5 33 10 67 36 49 38 5! 89 
Te 42 49 43 51 | 103 52 94 48 282 
er 82) | (2 18) 17 55 14 45 42 


- 


Among the stars of class A of magnitude 3.9 and brighter 
there is a preponderance of negative velocities, but the number 
of stars is too small to justify further consideration at the present 
time. 

An examination of the stars in the non-galactic regions appears 
to show essentially the same distributions with respect to the 
numbers of stars receding and approaching as in the galactic regions 
for the classes later than B. In consequence of this indication 
the 500 stars of Adams’ Mount Wilson catalogue were classified 
with respect to the numbers of stars having velocities of recession 
and approach, with the results given in Table III. The early 
B-type stars show a small preference for receding velocities, 
agreeing in general with the results from Campbell’s catalogues. 
The A-type stars show a small preference for receding velocities but 
hardly enough to justify remark. The later B and the classes 
F, G, K, and M may safely be concluded to show no real preference. 
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The results of Tables II and III for the approaching stars are 
shown graphically in Fig. 2. Curves A and B refer to the stars of 
magnitude 3.9 and brighter and 4.0 and fainter, respectively, of 
Campbell’s L.O. catalogues. Curve C refers to the stars of Adams’ 
Mount Wilson catalogue. The curves for the receding velocities 


TABLE III 


ACCORDING TO DIRECTION OF MOTION 
Apams’ Mount WILSON CATALOGUE 


RECEDING APPROACHING 
SPECTRAL Totat No 
TyYPEs OF STARS 
No. Percentage No. Percentage 
ae 17 63 10 37 27 
B6-Bo....... 34 53 30 47 64 
° Se 80 58 58 42 138 
ee 17 45 21 55 38 
ee 47 49 49 51 96 
AS ee 39 45 48 55 87 
is Swiceeau 23 51 22 49 45 


are simply reversals of these curves. An examination of the 
velocities of approach shows a larger value for the more distant 
stars of class B—Bs5 than for the nearer ones. The results are 
given in Table IV. 


TABLE IV 





SMALL yw LARGE uu 
" No. of > oes No. of 
Mag. Stars y » Mag Stars } # 
Campbell’s L.O. cata- 
logues km km 
3¥0 to 3M0....... 3.8 I |—11.2, o%010 | 3.4 3 |—4.2 | 07051 
4.0 to 4.9. Daa «5 4.5 17 |— 7.8 wee | &.4 7 |—4.I 047 
5.o and fainter....| 5.2 7 |— 8.1] .017 5.6 2 —6.4 040 
Adams’ Mount Wil- 
son catalogue...| 5.6 6 |—II.3  .020 4.5 4 |\-7.7 042 
SERGE") IS SERRA 2? ou: Net eld 4 
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This would be in accordance with the theory that the approach- 
ing stars of early class B have entered the ring of cosmical matter 
from the outside and that their velocities have been retarded. The 
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amount of data is too small, however, to place any great confidence 
in the result, notwithstanding its apparent consistency, or to dis- 
cuss its bearing further at the present time. 

The results in Table I show a progressive increase in the pro- 
portion of stars with negative velocities, as the stars become fainter. 
Whether this is real or whether it is really an effect of distance only 
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cannot be determined at present. The proper motions of the 
stars of class B are all so small that there must be great uncertainty 
in them and it may be that magnitude is, in this case, a better gauge 
of distance than the size of proper motion. Direct determinations 
by parallactic displacement for these stars seem hopelessly beyond 
our present means. In Table I the positive velocities considered 
alone show a small increase with decreasing magnitude. Table IV 
indicates a similar effect in the negative velocities considered 
separately. The amount of material, however, seems to be too 
small to justify classification with respect to ellipsoidal regions 
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which were shown in a recent paper’ to appear to have caused 
some of the magnitude-velocity effect. 

The residual velocities used in this paper may be considered to be 
derived using a solar motion of 20 km toward a=270°, 6=+30°. 
The directions and velocities actually used differ slightly in some 
cases from the above but are generally within $ km and 1° of these. 


BEARING OF THIS INVESTIGATION ON K TERM 


The results of this investigation have a bearing upon the inter- 
pretation to be put upon the term K which has been found in the 
solutions for solar motion from radial velocities. This term may 
be defined as the excess of velocity with respect to algebraic sign 
after the elimination of solar motion. Campbell found large 
positive values for this term for the spectral classes B, K, and M 
and no appreciable values for the stars of classes A, F, and G, from 
his solutions from about 1200 stars in all parts of the sky.2. Using 
essentially the same apex of solar motion, Adams from his 500 
stars found a ntuch reduced value for B, negative (generally small) 
values for A, F, and K, and negligibly small positive values for 
classes G and M.3 

The writer found‘ that a few regions (about one-third of the 
whole) gave consistently larger positive velocities in the three 
spectral classes B, K, and M, and that if these were omitted there 
remained little or no positive residuals for the remaining two-thirds 
of the stars. 

The results obtained in the first part of the present paper indi- 
cate a fundamental difference in the distributions of the velocities 
of recession and approach between the stars of class B and the later 
spectral classes. Interpreted directly, this further indicates in my 
opinion a lack of sufficient constancy for the term K to be ascribed 
to any physical cause and to strengthen the conclusion that these 
excess velocities are chiefly motion. 

t Astrophysical Journal, 46, 266, 1917. 

2 Lick Observatory Bulletin, 6, 104, 127, 1911. 

3 Mt. Wilson Contr., No. 105, p. 20. 

4 Astrophysical Journal, 44, 244, 1916. 
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CONCLUSIONS 


I. The stars of class B, particularly those early in the class, 
after the elimination of solar motion, show a marked preponderance 
of outward motions. 

II. The motions of the B stars of magnitude 2.9 and brighter 
which were investigated are essentially all outward. In the stars 
of magnitude 3.0 and fainter the proportion of stars with velocities 
of approach increase for the fainter magnitudes and with the 
smaller proper motions. 

III. The average velocities of recession appear to be essentially 
the same for all distances, as indicated by size of proper motion, but 
to increase slightly with decrease of brightness. 

IV. In the spectral classes A, F, G, K, and M no preference is 
shown for either velocities of recession or approach in either 
galactic or non-galactic regions. 

V. The observed distributions of the velocities of approach and 
recession in the B stars can be explained upon the hypothesis that 
the peculiar spectral condition of the B-type stars is due chiefly 
to a ring of distant galactic cosmical matter, and that the nearer and 
brighter of these stars have entered this ring in general from the 
inside, whereas a considerable proportion of the fainter and more 
distant ones have entered from the outside. 


OBSERVATORIO NACIONAL ARGENTINO, CORDOBA 
January 29, 1918 











STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS!’ 
SEVENTH PAPER: THE DISTANCES, DISTRIBUTION IN SPACE, 
AND DIMENSIONS OF 69 GLOBULAR CLUSTERS 
By HARLOW SHAPLEY 


I. PARALLAXES FROM VARIABLE STARS, APPARENT MAGNITUDES, 
AND ANGULAR DIAMETERS 


Applying the methods discussed in the preceding Contribution,’ 
the parallaxes of a few clusters are obtained directly from the periods 
and magnitudes of Cepheid variables; the parallaxes of a con- 
siderably larger number are derived from the mean magnitudes of 
the brightest cluster stars, and the survey is then made complete 
through measures of diameters of the photographic images of all 
globular systems. In Table I are listed the clusters for which 
the variable stars have received a sufficiently detailed discussion 
to permit a determination of the parallax directly from the lumi- 
nosity-period curve of Cepheid variation. The apparent diameters 
and the adopted parallaxes are taken from tables appearing on 
following pages; the method of weighting the results is also subse- 
quently described. 

The parallaxes for Messier 3, 5, 15, and 22, depending almost 
entirely on the median magnitudes of numerous variable stars, 
are the most accurate. The computed probable error of the abso- 
lute magnitude is +o.2; that of the apparent magnitude is 
estimated to vary from +o0.05 for Messier 3 to possibly +o.2 
for Messier 22. The corresponding limits of the probable error of 
the parallaxes are +0”000007 and +o”ooo015, that is, ro and 13 
per cent, respectively. 

For most other clusters, of course, the errors are somewhat 
greater, particularly for those where the parallax depends solely 
upon either the magnitudes of the brightest stars or the measured 

* Contributions from the Mount Wilson Solar Observatory, No. 152. 

2 Mt. Wilson Contr., No. 151. 
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diameter on photographic charts. For the former the estimated 
average probable error is 20 per cent, for the latter 25 per cent.’ 
When two or three sources are available, as in Tables I and V, the 
errors are less; but in Table I the different parallaxes for each 
cluster are not all completely independent, as they were used in 
part to determine the reduction constants and curves. The 
residuals in the last column of Table I are expressed in millionths 
of a second of arc, and their minuteness indicates the validity of 
the methods involving diameters and the magnitudes of the bright 
stars. 
TABLE I 


COMPARISON OF CLUSTER PARALLAXES FROM VARIABLES, MAGNITUDES, AND 
DIAMETERS 











DESIGNATION | PARALLAX (Unit Is 0000001) 
wwe ot ae serene Bae. : : RESIDUALS 
N.G.C., Messier Adopted | wn From Mag- From 
| Varia les | nitudes | Diameters 

S272. ..-.. 3 | 7!o 72 72 ~~ LY Se a ee ee 
5904 5 8.6 eo) -e. 4 Re) ee °, °o, +1 
Ga0s..... 13 10.6 go 82: 89 gI —8:,— 1, +1 
es +» 4% 22 | 16.0 118 | 116 121 116 —2, + 3; —2 
re 15 seo; @ | 69 | $0 —I, +1, —9 
ne 2 70 | @ | @ a ee +1, — 4 +8 

30 153 | 150 170: | 155 |—3, #17:,+2 


SEOD« .« «|. .----s- 
Small Magellanic | 
GES 5 i 6 < b-o-cewsnes ae oe et. ae ee Dee cer Coe ge 


The parallax of the Small Magellanic Cloud, which is given at 
the end of Table I, is relatively uncertain, for the value from vari- 
ables can be checked by neither diameter measures nor maximum 
luminosities, and the zero-point error in the provisional magnitude 
scale used by Miss Leavitt is unknown.’ 


* These estimates appear to be safely conservative. After the smoothing opera- 
tion, described on a later page, much smaller average errors are obtained for the final 
parallaxes in Tables V and VIII; thus, including the 10 per cent probable error in the 
parallaxes due to uncertainty of the zero-point of the absolute scale, the average 
probable error for all clusters is estimated to be less than 15 per cent. Cf. Table VII. 


2 See sec. III of the preceding Contribulicn. Previous values for the parallax of 
the Small Magellanic Cloud are: Hertzsprung, t=0’0001, Astronomische Nachrichten, 
196, 204, 1913; Kapteyn, ™=0'00004, Mt. Wilson Contr., No. 82, 71, 1914; Shapley, 
™=0"00006, Mt. Wilson Contr., No. 116, 82, 1915. The new value in Table I is 
probably an improvement over the others because it allows for diversity in color of 
the variable stars and is based upon more definite knowledge of their absolute mag- 
nitudes. 
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In the preceding paper we found from the study of the bright 
stars and variables in several clusters that, after excluding the 
five brightest, the mean absolute photographic magnitude of the 
25 most luminous objects is 


M,;=—1.51+0. 28. 


Adopting this value, we have derived from measures of apparent 
magnitude the distances of practically all clusters north of 
declination —30°, the southern limit reached with the 60-inch 
reflector. 

Of 300 cluster photographs taken during the last three years as a 
part of the program, about 175 have been measured for the magni- 
tudes of either the bright stars or the variables; but the material 
is too extensive to describe in detail. Nearly all of the photographs 
were made with full aperture and on Seed 27 plates of various emul- 
sions. The exposures vary in length from to seconds to 2 hours, 
but are mostly between 1 and 12 minutes in duration. For the 
clusters south of —20° the altitude was frequently so low that 
plates with first-class images could not be secured. Mr. Hoge has 
assisted with all the observational work. 

A summary of the work on each cluster is given in Table II. 
The designation in the first column is followed in the second with 
numbers indicating the total number of plates used in all phases 
of the work and those used in the derivation of the mean magni- 
tude. For the latter purpose the plates, with few exceptions, 
involve direct polar comparisons on two or more nights; the images 
of between 50 and too cluster stars and of between 20 and 50 
Polar Standards were measured at least twice on each plate; and 
the measures were corrected as usual for scale, distance from 
center, and differential atmospheric extinction. As the measures, 
reductions, and discussion cannot well be given for the individual 
clusters, the method of work is illustrated merely with a summary 
of the final magnitudes for the bright stars in Messier 2 (Table III) 
and Messier 53 (Table IV). 

The radius of the concentric region in which all bright stars 
were measured, given in the third column of Table II, does not 
closely indicate the apparent size of the cluster either actually 
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or relatively. The basis of its choice has been described in the 
fifth section of the preceding paper. 


TABLE III 


MAGNITUDES OF BRIGHT STARS IN MESSIER 2 (N.G.C. 7089) 

















PHOTOGRAPHIC MAGNITUDES } 
STAR* " ; ; | RESIDUALS t | DEVIATION 
3883P 3902P | 3904P Means | 

Boies a 14.00 14.16 EE Batis 60 iv a'vda aden shes s v0dine 
Re SEG 14.68 | 14.59 14.53 | 14.60 | + 8,-—1,- 7 o 
Pa 14.65 | 14.64 | 14.70 | 4:66 | — 1,—- 344 + 6 
Dhaws oo 13.54 | 13.57 | 13.71 | CR ee 
| Ep ere 14.87 | 14.69 14.62 | 14.73 | +14,—- 4,—I11 +13 
_ ee 14.77 | 14.69 | 14.65 | 14.70 +t 7,—- 1,- § +10 
ER ETS 14.73 14.69 | 14.65 14.69 | +4 o—- 4 + 9 
ee ege par 14.60 | 14:49 | 14.51 | 14.53 + 7, 4,— 2 — 7 
PRE ee 4.80 | 0.72 | 14.70 | 14.74 | + 6,— 2,— 4 +14 
DR eae 14.68 | 14.69 14.57 14.65 | + 3+ 4,— 8 -?s 
Bite. i 14.65 | 14.57 14.61 14.61 | + 4,-— 4, ° + 1 
a 14.68 14.66 14.57 14.64 | + 4,+ 2, 7 + 4 
ee eee 13.61 14.19 | 13.92 Bright « POE GEL EAS RR eee ae 
a 14.34 14.56 | 14.31 14.40 | — 6,+16,-— — 20 
es ex 14.29 |Contact{| 14.17 14.23 | + 6,....,— 6 — 37 
one 13.54 13.978 | 13.70 EY ae epee 
Pe 14.68 14.69 | 14.57 14.65 + 3+ 4,-— 8 + 5 
Ste 14.77 | 14.69 | 14.57 14.68 | + 9,+ 1,-—I! + 8 
ae 14.57 | 24.54 | 14.57 ie | + 3, > 1 —4 
Sere 14.65 14.72 | 14.57 14.65 | °o,+ 7,-— 8 + § 
oy Sed 13.60 | 14.02 | 13.99 EE eS Scien dcia’y DES Holes «mbna 
EERE 14.33 | 14.40 | 14.23 14.32 +1,+ 8—9 — 28 
See | 14.73 14.85 14.70 14.76 — 37 9,— 6 +16 
Se | 14.57 14.72 | 14.46 14.58 | — 1,+14,—12 — 2 
See | 3s. 93 14.72 14.57 14.67 | + 6,+ 5,-—I10 7 
nes ae | * Sace 14.69 | 14.40 14.54 | — 2,+15,—14 — 6 
Riss Bae 14.69 | 14.46 14.60 | + 5,+ 9,—14 ° 
, | 14-73 14.66 | 14.72 14.70 *3- &F 8 +10 
Eee | 14.73 14.66 | 14.53 14.64 + 9,+ 2,-I11 + 4 
Serer | 14.65 14.59 14.49 14.58 +7,+1,-9 — 2 
Ne ho sine sage wes Ry SIIB o/sciv ies «. t-0,0's +0 .09 





* Stars fainter than the brightest thirty are omitted. 
t Residuals and deviations from mean expressed in hundredths of a magnitude. 
t Cluster star in contact with a Polar Standard. 


For the average cluster the mean value of the photographic 
magnitude, in the fourth column, depends upon about 500 measures. 
Its estimated probable error varies from two- to four-tenths of a 
magnitude, the principal uncertainty coming from possible non- 
homogeneity of the clusters and from the error in choosing the 
area to be measured. The average deviation shows the dispersion 
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of the magnitudes entering the mean, but gives little indication 
of the certainty of the result; the extremes also show the disper- 
sion, and the upper limit records the highest luminosity of the 


individual stars. 
TABLE IV 


MAGNITUDES OF BRIGHT STARS IN MESSIER 53 (N.G.C. 5024) 





| 
PHOTOGRAPHIC MAGNITUDES 


| 
- 
| 2357P 2568P Means 











STAR* RESIDUALSt DEVIATION 

i | 

Be vst nig 15.03 14.98 15.00 + 3,—- 2 | — § 

ec aa tae 15.25 15.21 15.23 + 2,— 2 | +15 
O......0e! 14.99 15.01 15.00 —1,+ 1 | — 8 

| ree 14.97 14.93 14.95 + 2,— 2 | —12 
Rint cena 14.95 | 15.10 15.02 —- 77 8 — 6 
ee ee ee 15.17 15.26 15.22 — 5+ 4 +14 
peer be 15.10 15.26 15.18 — 8,+ 8 +10 

NP ee a 15.00 14.93 14.96 +4~ 3 —12 

RE. aos marcus 15.03 14.91 14.97 + 6,— 6 | —1II 

ig a's on es | 15.03 15.21 1I5.12 | —-9,+9 + 4 

a ae 15.03 14.88 ET levees xeeund Bees ee oe 
REET S, 14.50 14.57 Se, «Ns. 2 wo sk one dade ee asie 
Ds 3.30 non 15.27 15.21 15.24 + 3-3 | +16 
ee 15.15 14.93 15.04 +11, —1I —4 

a easy eons de 14.87 14.57 EE, Jowaktean <tdiaaishk amen Ration 
| ene 15.05 15.01 15.03 + 2,— 2 = § 
ESP rer 15.05 14.83 Se ARE Sree. Bath: carne 
ER 12.90 13.18 ME Sacdidedoo>sustvaneenns ake 
OS Saas las 15.28 15.24 15.26 | + 2,— 2 +18 

Mc ok a acces 14.95 15.10 15.02 - 7,7 & — 6 
RE A See 15.03 15.07 15.05 | — 2+ 2 | — 3 

OS nose alae 15.30 15.14 15.22 | + 8— 8 +14 

Rh yk eN'b ex 15.05 14.93 14.99 | + 6,— 6 — 9 

a Seid od outs 15.15 15.33 15.24 | —9,+ 9 +16 
Serer 14.94 15.03 14.98 —4 + 5 —10 

| ERA 15.05 15.10 15.08 — 3,+ 2 | +o 
vin. 9 's0e ie 15.05 15.13 15.09 — 4+ 4 + I 
CARAS 15.05 15.03 15.04 +1,- 1 — 4 
ie as ale as 4 14.94 15.01 14.98 | — 4,+ 3 —10 

, eee 14.94 15.04 14.99 | 5,+ 5 ~ | 
BN 5s Sian isk 0 Secon nese <3 Seepee ae 15.08 Mean +0.09 


| 
| 





© Stars fainter than the brightest thirty are omitted. 

t Residuals and deviations from mean expressed in hundredths of a magnitude. 

Adding the difference between the brighter extreme and the mean 
magnitude to the adopted absolute value of the latter, we get the 
maximum brightness in each cluster. Thus we find that the highest 
photographic luminosity never exceeds magnitude —2.5 (unless 
some of the excluded five are actually cluster stars), and the maxi- 
mum usually falls slightly below —2. Contrary to expectation, the 
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mean magnitude is nearer the brighter extreme in nearly one-third 
of the clusters, suggesting that among the giants the number of stars 
does not always increase regularly with decreasing luminosity. 

In the seventh column of Table II weights are assigned each 
cluster on the basis of the quality of the plates, their number, the 
character of the surrounding stellar field, the certainty of the 
result for the mean magnitude, and other factors. The remaining 
columns are described later. Except to remark that the plates 
for N.G.C. 5139 (w Centauri) were made with the 10-inch refractor 
and (because of the very low altitude) are of little value except 
as a check on Bailey’s magnitudes, further space will not be taken 
for the extensive notes compiled relative to the peculiarities of 
individual clusters, the observations, the measures, and the investi- 
gations of errors. 

The equatorial and galactic co-ordinates, the parallaxes, and 
the co-ordinates in space of the 28 globular clusters’ for which 
magnitudes have been measured appear in Table V. For a few 
clusters the values of the parallax in the sixth column are taken 
from Table I and for the remainder are computed directly from the 
mean magnitudes of Table II. 

If we plot the parallaxes derived from magnitudes against the 
diameters of the clusters, as recorded by Melotte,? a very definite 
progression of size with parallax is apparent. Melotte’s estimates 
were made directly from the original Franklin-Adams chart plates; 
but there is no record of what accuracy was sought or what homo- 
geneity may be expected in the results. Accordingly the diameters 
have been redetermined from the photographic copies of the plates 
with the special purpose in view of obtaining results as nearly com- 
parable as possible for all parts of the sky. Measures of the diam- 
eters of the images were made independently by two observers, using 
a finely divided scale under low magnification. By estimating the 


tN.G.C. 6642 is retained in the table as a twenty-ninth entry. Melotte, with 
some doubt, classifies it as a globular cluster; Bailey thinks that its stars, few in 
number, are involved in nebulosity. Mount Wilson plates show a few stars closely 
crowded, but almost certainly not forming a typical globular cluster. The group is 
in a rich galactic field. 


2 Memoirs of the Royal Astronomical Society, 60, Part 5, 1915. 
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elongation of similarly situated bright stars corrections have been 
made for distortion when a cluster is near the edge of the chart; 
and to counteract the frequently observed actual ellipticity of 
figure the mean of the diameters in several directions has been 
determined for all clusters. The last three columns of Table II 
contain these closely agreeing measures and their mean, thus 
affording a fairly homogeneous record of relative apparent dimen- 
sions. The diameters estimated from the original plates are usually 
larger, as would be expected, but even they fall short of the actual 
dimensions for many clusters. 

Plotting the adopted diameters of the last column of Table II 
against the parallaxes derived from magnitudes in Table V, we 
obtain the curve in Fig. 1—a curve that demands and apparently 
justifies the hypothesis that all globular clusters are of nearly the 
same linear dimensions. There is no reason for supposing that the 
more distant clusters are actually and systematically smaller than 
nearer ones; hence, as is reasonable a priori, the non-linear form 
of this curve may be attributed to the characteristic distribution 
of luminosity in a cluster and its resulting effect on photographic 
reproduction. Normal points for the data underlying the figure 
are given in Table VI and are plotted as black circles.2 The lower 
part of the curve is somewhat uncertain, depending only on Mes- 
sier 22 and w Centauri, but the uncertainty is not important, for 
only two or three clusters are large enough to make their parallaxes 
depend on that part of the curve. 

Undoubtedly an improvement can be made in at least some of 
the parallaxes through the process of smoothing with the aid of the 

* Many of the clusters appear on two or more charts. The differences in quality 
from plate to plate, which may be greater for the charts, are not nearly so effective 
in measures of angular diameter as they would be in estimates of magnitudes. For- 
tunately about 90 per cent of the clusters are on the Johannesburg plates, which 


attain a fainter limit of magnitude and are more uniform than those made for the 
northern sky at Mervel Hill (Memoirs of the Royal Astronomical Society, 60, 167, 
1914). 

? Half weight is given to N.G.C. 6642; also to N.G.C. 6712 because of a slight 
doubt as to its nature and because it is in such a rich region of the galactic clouds 
that the measured diameter is a little uncertain. Cf. Publications of the Astronomical 
Society of the Pacific, 29, 186, 1917. Possibly a doubt should also be expressed as to 
the perfectly normal nature of N.G.C. 4147. Cf. the eleventh paper of this series. 
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parallax-diameter curve of Fig. 1. Accordingly, parallaxes cor- 
responding to the measured diameters are entered in the seventh 
column of Table V and are combined with the parallaxes from 
magnitudes to obtain the smoothed values of the eighth column. 
The combination is made with due regard for the relative quality 
of the magnitude work, assigning for convenience weight unity 
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Fic. 1.—The parallax-diameter curve for globular clusters (diameters from 
Franklin-Adams charts). Dots are normals based upon parallaxes from magnitudes 
alone; crosses are the finally adopted values for the 29 clusters of Table V. 


to all the parallaxes from magnitudes, and, to the corresponding 
values from angular measurements, the weight zero for group a, 
one-half for group }, one for group c, and two for group d. The 
adopted parallaxes are plotted in Fig. 1 as crosses. 

Before obtaining the parallaxes of other clusters from their 
diameters alone, we shall note what accuracy may be expected 
in the results. In Table VII are given the percentage deviations 
from the parallax-diameter curve, both for the original parallaxes 
from magnitudes and for the adopted values. Without assigning 
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weights, the arithmetica]* mean for the first is 14 per cent, and for 
the second, 7 per cent. The latter shows the average amount of 
the discrepancy that will affect the parallaxes of the clusters for 
which no magnitudes are available. The deviations are partly 


TABLE VI 


DIAMETERS AND PARALLAXES 











Number of Clusters | Mean Parallax Mean Diameter 

es Oe ate Gee A 07000025 tis 
ee anigtacte ward 3c 0.000038 2.5 
EA Eo ceied ehiaw a ©.O00005I 4.0 

we SS ere 0.000068 6.4 
ety ara oas aca 8 0.00008 3 9.7 
ae a cogiack 0.000118 16 
Agee tae tekde ©.000150 30 











TABLE VII 


DEVIATIONS FROM THE PARALLAX-DIAMETER CURVE 

















w.c.c. | © Mag.—s Diam. | Adopt.—» Diam. N.G.c. | £Mas.—* Diam. | « Adopt.—* Diam. 
m Adopt. m Adopt. m Adopt. m Adopt. 
288. :.. +0.06 +0.02 || 6356... —0.42 —0O.15 
1904.... + 20 + 8 | 6402... — 12 —- 7 
4147.... + 37 + I! 6626... _ 7 | —- 6 
As <5 — 26 — 17 | 6638... + 3 - 3 
St90.... —- 3 —- 1 || 6656... + 2 + 2 
S093. ..:. ° ° | Ouse... —- 9 —- 3 
5904.... _ I _ I || 6779... + 15 + §& 
6093.... + 10 + 4 || 6864... — 32 — 18 
Gzaz.... — 6 —- 2 || 6934... + 37 + 20 
Geos... —- 2 —- +. || 6981... — 6 — 3 
6a16.... —- 2 —- 1 || 7078... + 13 | + 13 
6329.... + 39 + 13 | 7089... + 19 — 12 
6254.... —- 14 — 7 || 7099... +0.05 | +0.03 
ae —0.15 —0o.10 | 











due to real differences in the clusters, but most of the error is within 
the uncertainty of angular measurement, for the average difference 
between the estimates of diameter by the two observers is but 
slightly less than 10 per cent. 

Nearly all of the 41 clusters included in Table VIII are south 
of declination —30°. The few exceptions will be photographed 
with the 60-inch reflector, when opportunity permits, and the 


* For brevity the terms “algebraic mean”’ and “‘arithmetical mean”’ are used in 
the sense of with and without regard to sign. 
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parallax, as determined from diameters, will receive an independent 
check from the study of magnitudes.' The right ascension, declina- 
tion, and galactic co-ordinates in Table VIII, as in previous tables, 
have been taken, whenever possible, from Melotte’s catalogue, the 
results being checked with Bailey’s lists and other catalogues. ‘The 
angular diameters in the fifth column were obtained at the same 
time as those measured for Table V; their mean value is the basis 
of the parallaxes in the sixth column. The first cluster of this list 
is 47 Tucanae. 

Tables V and VIII contain all clusters now thought to be 
definitely globular—a total of 69. The 15 or 20 others? frequently 

* Since writing the above, one highly satisfactory confirmation has been secured. 
The object N.G.C. 7006 was noted as a small faint cluster by Curtis (Lick Observatory 
Bulletins, 7, 84, 1912). On the Franklin-Adams plates and charts it appears as a 
nebulous star and was excluded from Melotte’s catalogue of globular clusters. It is 
not mentioned by Bailey. The apparent diameter as given in Table VIII is only 
o/75—the smallest cluster of the two lists. If our hypotheses are right, therefore, 
it should be the most distant cluster, and the mean magnitude should be fainter 
than any hitherto measured. Two polar-comparison photographs were secured in 
December 1917. A seven-minute exposure on a fast plate shows about two hundred 
stars brighter than magnitude 18.5, and one star near the center is nearly as bright 
as magnitude 15; but the mean of the 25 briglitest, according to the preliminary 


measures, is 17.7. The corresponding parallax is a little more than 0’ 000014, differing 
by less than a millionth of a second from the value in Table VIII. 


2 Among the clusters thought by some to be globular are the following: 














GALACTIC } 
ahi iae ANGULAR 
N.G.C. DIAMETER | REMARKS 
Long. Lat. 
371 ; 2'1 268° =| —44° | In Small Mag. Cloud. Not t typical, —- 
| If globular, it gives for the distance of the 
cloud  =0%000033. Cf. Table I. 
2660 . 1.5 234 | —2 Appears to be globular cluster, Melotte. If 
so, Rsin 8 = —1400 parsecs; Ros B = 39,700 
parsecs. 
OB is anne 5.4 10 +72 Apparently an open cluster, Shapley. If 
| globular, * =0" 00006. 
6406... - 1.5 315 —1I Probably a nebula. Bailey does = mention it. 
6535 ; 0.8 354 +10 A group of a few faint stars, Sha 
6560... voll 1.3 328 —7 A nebula according to Bailey. fe a globular 
cluster,  =0%00002. 
6760...... 1.0 3 — 5 Small cluster of very faint stars, Curtis, Pease. 
An open cluster, Shapley. 
ee 3.5 21 —64 An open cluster, Curtis, Shapley. Very loose 
globular cluster, Melotte. If globular, 
® =0"%00005. 





Bibliography: Bailey, Harvard Annals, 60, No. 8, 1908; 76, No. 4, 1915. Curtis, 
Lick Observatory Bulletins, 7, 81, 1912; 8, 43, 1913. Melotte, Memoirs of the Royal 
Astronomical Society, 60, Part V, 1915. Pease, Publications of the Astronomical 
Society of the Pacific, 26, 204, 1914. Shapley, Publications of the Astronomical Society 
of the Pacific, 29, 186, 1917. Shaw, Helwan Observatory Bulletins, No. 9, 1912; No. 15, 
1915; Monthiy Notices, 76, 105, 1915. 











168 HARLOW SHAPLEY 


admitted to the catalogues are rejected temporarily on the basis 
of either the Mount Wilson plates or the published opinions of 
Bailey, Curtis, Shaw, or Melotte. Some questioned groups may 
be admitted later, and other faint objects now considered nebulous 
stars or open clusters or faint nebulae may be proved by the large 
reflectors to be globular clusters. But as far as systems containing 
stars brighter than the sixteenth photographic magnitude are 
concerned, the present work may be considered exhaustive. 


II. DISTRIBUTION IN SPACE 


Some striking features of the arrangement of clusters in space 
are brought to light by a study of the data in Tables V and VIII. 
Fig. 2 illustrates the distribution in three dimensions, showing on 
the plane of the Milky Way the galactic longitudes and projected 
distances, while the distances from the Galaxy are shown by vectors 
drawn to scale in the plane of the figure. Distances above (north 
of) the galactic plane are represented by full heavy lines drawn 
upward from black circular bases, those below by broken lines 
downward from open cireular bases. To visualize the actual 
positions in space one needs only to imagine the full-line vectors 
standing erect on their bases and the broken lines hanging vertically 
from theirs; the arrow points are then at the positions of the 
clusters. 

The most remote of all the clusters’ is N.G.C. 7006 with a 
distance of 67,000 parsecs, the equivalent of 220,000 light-years; 
the clusters N.G.C. 4147, 6229, 6235, 6287, 6441, and 6864 (M 75) 
are nearly as far away. Fortunately, of these seven most distant 
systems six are within reach of the Mount Wilson reflectors. One- 
fourth of all globular clusters appear to be more distant than 
30,000 parsecs (100,000 light-years); and one (N.G.C. 4147) is more 
than 50,000 parsecs from the plane of the Milky Way. w Centauri 
and 47 Tucanae, with distances somewhat less than 7000 parsecs, 
are the clusters nearest to the sun. 

The concentration into a limited interval of galactic longitude 
is conspicuous; the region from 41° to 195° is completely void of 
globular clusters. The mean value of all longitudes is 316°, or, 


* See n. 1, p. 167, of this paper and the later discussion in the eleventh paper. 
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excluding the five largest and five smallest values, is 318°; but the 
mean is too much affected by widely divergent values, and the 
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Fic. 2.—Distribution in space of globular clusters. The galactic plane is the 
plane of the diagram; distances above and below are shown to scale by full-line and 
broken-line vectors, respectively. Galactic longitudes are indicated in the margin 
and the scale of distances along the vertical radius. The sun is at the origin of 
co-ordinates. The diagram illustrates the remarkable distribution in longitude, 
with a maximum frequency at 325°, and by the absence of very small or zero 
vectors shows that globular clusters are not found within 1000 parsecs of the plane 
of the Milky Way. Cf. Fig. 1 of the twelfth paper. 
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median value," 325°, is preferable in determining the central line 
of the system of globular clusters. The frequency of longitudes 
shown by Fig. 3 agrees in placing the center in longitude 325°, 
the points for the curve depending on the data of Table IX. 


Galactic longitude 
190° 235 280 325 10° 55° 








Number of clusters 








Fic. 3—Distribution of globular clusters in galactic longitude 


TABLE IX 


DISTRIBUTION OF GLOBULAR CLUSTERS IN 
GALACTIC LONGITUDE 
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Projecting all positions on to a plane through the sun perpen- 
dicular to the Galaxy and including the circle defined by galactic 


t That is, the longitude of the thirty-fifth cluster when they are taken in order of 
increasing longitude, beginning with N.G.C. 1904. 











COLORS AND MAGNITUDES IN STELLAR CLUSTERS 171 


longitude 325°, we get the diagram in Fig. 4, which represents 
the distribution as seen from a great distance in the direc- 
tion of galactic latitude o° and galactic longitude 235°. Black 
dots above the central line represent clusters north of the galactic 
plane; open circles below represent those south. Thus the ordinates 
are Rsin8 and the abscissae Rcosf cos (A—325°), where R, 8, 
and \ are respectively the distance, galactic latitude, and galactic 
longitude of a cluster. 
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Fic. 4.—Projection of the positions of globular clusters on a plane perpendicular 
to the Galaxy, illustrating (1) the absence of clusters from the mid-galactic region, 
(2) their symmetrical arrangement with respect to the Galaxy, (3) the eccentric 
position of the sun (the cross) with respect to the center of the system of clusters. 
The ordinates are distances from the galactic plane, Rsin§; the abscissae are 
projected distances in the direction of the center, R cos 8 cos (A—325°). The unit 
of distance is 100 parsecs; the side of a square is accordingly 10,000 parsecs. On 
this scale the actual diameter of the clusters is about one-fifth the diameter of the 
circles and dots. The cluster N.G.C. 4147 is outside the boundary of the diagram, 
as indicated by the arrow. 


Fig. 5 differs from the preceding diagram only in having R cos 8 
for abscissae. Hence the sun, as origin, is at the extreme left edge 
of the figure, and the actual distance of each cluster is represented 
by the radial distance from the origin. 
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Figs. 4 and 5 show more clearly than Fig. 2 the remarkable 
distribution of clusters with respect to the Galaxy. In the first 
place clusters are impartially distributed above and below, there 
being 32 north and 37 south of the plane. Although the average 
value without regard to sign is = 79 (in units of 100 parsecs), the 
algebraic mean of all distances from the plane is —1; rejection of 
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Fic. 5.—Distribution of globular clusters. The ordinates are Rsin§, as in 
Fig. 4; the abscissae are distances projected on the galactic plane, Rcos8. The 
unit of distance is 100 parsecs. The very small semicircle, with radius corresponding 
to a parallax of 0’002, illustrates the region around the sun which contains all but 
a few of the stars in Charlier’s B-type cluster. The large semicircle indicates the 
distance to which the present results are thought to be complete. Messier 3 and 
Messier 13 are indicated by numbers; the most distant cluster now known, 
N.G.C. 7006, is near the lower right-hand corner of the diagram. N.G.C. 4147, 
with co-ordinates 109 and 514, is not shown. 


the very distant cluster, N.G.C. 7006, would change this to +2. 
Considering the accidental variation and the size of the distances 
involved, the algebraic mean is vanishingly small, and we may say 
confidently that the plane of the Milky Way is also a symmetrical 
plane in the great system of globular clusters. This relation to 
the Galaxy holds with good approximation at all distances from the 
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sun (graphically shown best by Fig. 5), as may be seen from the 
following tabulation: 


INTERVAL oF R cos 8 








o-100 100-200 200-300 | >300 All 
Number of Clusters............... II 29 15 | 14 69 
Mean* R sin B! ee + 7 +o | —-23 | —S5 — I 


|Arithmetical...... .| *70 +84 | +59 | 100 +79 


*See n. 1, p. 164. 


A second phenomenon clearly illustrated by the diagrams is 
the avoidance of the Milky Way—a result that may be of very 
exceptional significance. There is no cluster within 1300 parsecs 
of the plane of the Galaxy, and within 2000 parsecs of that plane 
there are only five, four of which are among the clusters nearest 


Distances from galactic plane 
—8000 — 4000 © +4000 +8000 
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Fic. 6.—Reflected frequency-curve of the distances of globular clusters from the 
galactic plane, illustrating the equatorial region devoid of globular clusters. The 
unit of distance is one parsec. 


the sun. In Figs. 4 and 5 a shaded region, 13,000 light-years in 
width, indicates the zone from which globular clusters are practically 
excluded. 

The increasing concentration toward the Galaxy from both sides 
stops almost abruptly at the boundary of the shaded zone. The fre- 
quency of distances from the plane is treated in more detail in Table 
X, and the undoubted dependence of the clusters on the galactic 
plane, noted numerically above, is further emphasized by the curve 
in Fig. 6. The completion of that curve, in a form naturally to be 
expected for the frequency of objects concentrated toward the 
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Galaxy, would require at least 50 globular clusters within 1500 
parsecs of the plane; there is, however, only one, Messier 22, and 
its distance below the plane corresponds to a parallax of 0”0008. 
It should be observed, morzover, that not only at great distances, 
where insufficiency of observations may be urged, do we note this 
absence of clusters, but also within a distance from the sun of 
20,000 parsecs, where the data are quite sufficient (37 clusters) and 
undoubtedly are complete. Hence we conclude that this great 
mid-galactic region, which is peculiarly rich in all types of stars, 
planetary nebulae, and open clusters, is unquestionably a region 
unoccupied by globular clusters. 

To explain this remarkable condition several hypotheses have 
been considered, such as error in choosing the origin of galactic 
latitudes, incompleteness of data, general absorption of light in 
space,” clouds or a ring of absorbing matter along the spine of the 
Milky Way analogous to the dark peripheral rings of spiral nebulae,’ 


*The adopted position of the north galactic pole is that given by Gould 
(Uranometria Argentina): «=12541™, 5=+27°21! This position differs by less than 
a degree from those obtained through other reliable and definitive investigations. 
The most recent, and probably the best, is based on the Harvard Map of the Sky, by 
Nort, who finds a=12'44™, 5=+27° (Recherches Astronomiques de l’Observatoire 
d’ Utrecht, VII, 84, 112, 1917). An error of +1° in the cluster latitudes might slightly 
displace, widen, or narrow the zone of avoidance, but nothing short of selectively 
operative errors of several degrees could seriously obscure it. The frequency-curve 
of galactic latitudes also shows the zone, but naturally to a less degree. Cf. Fig. 2 of 
the twelfth paper. The values in Tables V and VIII show no latitude less than 5* 
See the remarks relative to N.G.C. 2660 in n, 2, p. 167. 


2 See the notes in a following paper (the eleventh of the. series) on the color of 
stars in the two most distant clusters. The dark obstructing nebulae which are fre- 
quently found in and near the Milky Way are undoubtedly capable of obliterating or 
greatly diminishing the light of any cluster involved in the nebulosity or beyond it. 
N.G.C. 4372, a large southern cluster (almost certainly globular), which is very faint 
for its angular diameter, falls alongside a vacant space in the sky. N.G.C. 6144 is 
near the edge of the p Ophiuchi dark nebulosity and appears large for the magnitude 
of its bright stars. This latter nebulosity may also affect the brightness of Messier 4 
(N.G.C. 6121) to some extent. But it is interesting to note that in developing a 
parallax method that is independent of the magnitudes we have escaped from the 
errors in parallax that such obstructing material might occasionally have imposed. 


3 Possibly a hypothetical wedge-shaped ring might,explain some of the divergence 
from the galactic plane with increasing distance (Figs. 4 and 5); but insufficiency of 
material for faint clusters would better account for most of it. The phenomenon, 
of course, may be real—a widening of the zone of avoidance in the direction of the 
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and finally the actual absence of globular clusters from the regions 
rich in stars because of the dynamical impossibility of existence. 
The first three seem clearly impossible, the fourth improbable or 
at least unquestionably insufficient, and, therefore, without going 
at present into the meaning and consequences of such a theory, 
the last hypothesis is tentatively adopted. 

We have found that the center of the elongated and somewhat 
irregular system of globular clusters lies in the plane of the Milky 
Way on a line directed toward galactic longitude 325°. The 
distance along that line may be estimated from an inspection of 
Fig. 4, and perhaps obtained more accurately from the following 
consideration of the frequencies of R cos 6 cos (A—325°), in which 
clusters more than 15,000 parsecs distant from the plane are 
excluded: 


INTERVAL OF DISTANCE IN DIRECTION OF CENTER 





l | 
—r10o to} oto |+100 to|+200 to 
° 








+300 to) + t 
< 100 | +100 | +200 +300 | » anciy porting > 500 All 
Number of clusters, r | 2 18 | 20 | 10 | 5 3 I | 60 
Mean of R cos 8 | | | 
cos (A—325°)...|—145 | —74 | +59 |+138 |+246 |+342 |+454 |+525 |+158 


From a plot of these numbers we estimate provisionally the 
distance of the center to be 13,000 parsecs. Incompleteness of 
data because of faintness will not materially affect the galactic 
longitude and latitude of this point, but is likely to make the 
distance too small. The mean value of R cos 6 cos (A—325°) for 
the 60 clusters, +158, is probably nearer the true value, but it is 
also liable to understate the distance. A definitive value is hardly 
possible, and, at least until the number of very faint clusters can 
be considerably increased, we may adopt as the center of the general 
system of globular clusters a point for which the parallax is between 
0”00006 and 0o”00004, with equatorial co-ordinates a=17"30™, 
§= —30°, and galactic co-ordinates \=325°, 8=o0°. The position 


center of the globular cluster system, combined with a lack of observations for clusters 
far beyond the center. See n. 2, p. 167; if N.G.C. 2660 is globular, the apparent 
tendency to widen with distance is somewhat counteracted. 
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lies in the constellation Sagittarius, a few degrees east of its bound- 
ary with Scorpio and Ophiuchus. 


III. LINEAR DIMENSIONS OF CLUSTERS 


A literal interpretation of the curve in Fig. 1 gives for the 
dimensions of globular clusters: 





Parallax (Unit Is o’000001) 





20 | 40 60 80 | 100 120 | 150 
Angular diameter = 1/1 2!7 gig | Stg | sets 1. spce 27/5 
Linear diameter, | 
in parsecs..... 16 20 Ne Ee le aa eae 53 


As remarked before, however, the diameters from the charts do 
not give a true measure of the clusters, and the hypothesis that 
size depends on distance from the sun, irrespective of distance 
from the Galaxy, is quite untenable. 

There are, without doubt, real though relatively inconspicuous 
differences among globular clusters; and some of the differences, 
such as frequency of certain spectral types, degree of condensation 
and ellipticity, and possibly total numbers of stars, are being 
recognized and evaluated through the Mount Wilson studies. 
Two properties, however, so far seem to show little variation 
from cluster to cluster—the actual linear diameter and the mean 
magnitude of the brightest stars. We shall assume, therefore, on 
the basis of what observational evidence we now have at hand, 
that all globular clusters are of practically the same dimensions, 
explaining the apparent decrease in size with increasing distance 
(tabulated above) as a natural consequence of a central concentra- 
tion of luminosity and of an intermingling near the edges with 
non-cluster stars. On that basis an investigation of the dimensions 
of one cluster will suffice for all. 

Long exposures with the 60-inch reflector upon the outer parts 
of some of the brightest clusters have confirmed the conclusion, 
obtained from a study of the distribution of variable stars, that 
the clusters are much greater in extent than would be inferred from 
ordinary visual or photographic observation. For instance, on the 
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Franklin-Adams charts the apparent diameter’ of Messier 3, the 
cluster chosen for the present illustration of dimensions, is 7’; on 
the original plates it is 18’, according to Melotte; but the actual 
diameter is in excess of half a degree. 

The distance of Messier 3 is 13,900 parsecs,? corresponding to 
nearly three thousand million times the distance of the sun from 
the earth. The distance north of the galactic plane is 13,500 
parsecs. The accompanying plate is reproduced from a photograph 
of several hours’ exposure made by Mr. Ritchey with the 60-inch 
reflector. The original negative shows more than twenty thousand 
stars outside the central burned-out area, the smallest images being 
fainter than the twentieth magnitude. 

The cluster extends beyond the limits of the photograph in all 
directions. The most distant variable star (undoubtedly a member 
of the system) is 17’ from the center, corresponding to a projected 
distance of fourteen million astronomical units. As ordinarily 
seen and photographed, the cluster covers an area but little larger 
than one of the squares, but we may be sure that its actual projected 
area is at least twenty-five times as great; that is, the diameter 
is about thirty million astronomical units. To cross the cluster, 
light must travel 470 years. 

If we suppose the sun situated at the center of the cluster, all 
stars with parallaxes greater than o”1 would be included within 
the concentric circle. Sirius would be at the distance indicated 
by the cross, and the projected distance of the bright triplet 
near the bottom of the picture equals the distance of the Hyades 
from the sun. 

Inclosed in small circles are a few of the variable stars, chosen 
at random, the close equality of whose magnitudes is to be noted. 
In some cases they appear as doubles, but the actual separation 


t The estimates from the charts, listed in Tables V and VIII, refer actually to 
what appears to be a central core of each system. The scale of the photographs 
does not permit close differentiation of the outlying members of a cluster from the stars 
of its surrounding field. 

2 The diagram was made on the basis of a parallax of 0%000074; the final value 
of Tables I and V indicates that the linear dimensions of the cluster on the plate 
are too small by 3 per cent, an amount, however, that is far within the probable 
error. 


— 





= 








COLORS AND MAGNITUDES IN STELLAR CLUSTERS 179 


in the closest of the indicated pairs is more than half the distance 
separating the sun from a Centauri. In the small square is the 
image of an exceptional variable, No. 37, for which the period is 
less than eight hours. 

The cluster variables, in the mean, have the absolute magnitude 
—o.2, photographically nearly six magnitudes brighter than the 
sun. Astar of the brightness and color of the sun would not appear 
on the photograph, being nearly two magnitudes too faint (21.5). 
Sirius, located in this cluster, would be of the seventeenth apparent 
magnitude, corresponding to the star indicated on the photograph 
by an arrow-point. 

The condensation of stars at the center of the cluster may be 
readily contrasted with that of stars around the sun. Within the 
circle, which marks a distance from the center corresponding to a 
parallax of o”1 (approximately two million astronomical units), 
there are at least 15,000 stars brighter than magnitude 20. (This 
estimate deducts those stars not within the concentric sphere but 
appearing by projection within the circular area.) In a sphere of 
the same radius, with the sun as center, less than twenty stars 
brighter than the sun are known. But only those which are two 
magnitudes brighter appear on this photograph of the cluster; 
there are, accordingly, in the sphere around the sun only four or 
five stars to compare with the 15,000 in Messier 3. 

Finally, we shall make some estimates relative to the probable 
mass of a globular cluster. We may go astray, to be sure, in 
assuming similar masses and analogous relations of mass to lumi- 
nosity for stars in clusters and in the general galactic system. The 
dynamical conditions in these highly condensed globular systems 
may conceivably have some important effect upon the amount of 
matter that goes into a single star as well as upon the speed and 
nature of subsequent development. Eddington’s recent theoretical 
work on the masses of stars, however, indicates that as long as we 
deal with typical giants the masses are definitely limited; and, 
further, the identity of Cepheid phenomena wherever studied— 
in the galactic system, in the more condensed Magellanic clouds, 
and in the extremely condensed globular clusters—tends to support 
the view of the universal comparability of stellar masses. 
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All that we know of the masses of stars from observation has 
been summarized recently by Russell.‘ The data come altogether 
from double stars, but we shall probably not commit serious error 
in applying the results without alteration to the single stars in the 
condensed globular clusters, although possibly slightly greater aver- 
age values for each type would be appropriate for the isolated stars 
in our general galactic system. For the present approximation we 
shall simply take a mean value from Russell’s data, say an average 
of four times the sun’s mass for every star brighter than the sun. 
The number of such stars in Messier 3 may be fairly estimated at 
40,000, only three-fourths of which have ever been photographed. 
Hence the entire mass, distributed among the stars which are 
brighter absolutely than photographic magnitude +5.6, is 160,000 
times the solar mass; and something like three-fourths of this 
amount is within 1o parsecs of the center. 

It seems quite futile at present to estimate the total mass of 
the cluster. Perhaps it is two or three million times the solar mass; 
probably it is several times the amount estimated for the stars 
brighter than 5.6—that we must admit on the basis of what little 
we now know of the relative frequency of dwarfs and giants in the 
vicinity of the sun; but as a matter of absolute certainty we do not 
know that there is a single star fainter than the sun, and even our 
estimate of 160,000 may be 50 per cent too great. 


SUMMARY 


1. Following the methods outlined in the preceding paper the 
parallaxes and positions in space are obtained for 69 globular 
clusters—all that can now be definitely assigned to the globular 
class. The distances range from 6500 to 67,000 parsecs, the 
brightest stars in the most distant clusters being fainter than the 
seventeenth photographic magnitude. The average probable 
error of a parallax is of the order of 20 per cent, varying consider- 
ably with the method used and with the quality of the observa- 
tional work. Something more than 15,000 measures of magnitudes 
were made for one phase of the work. Section I contains various 


* Popular Astronomy, 25, 666, 1917. 
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THE GLOBULAR CLUSTER MESSIER 3 (N.G.C. 5272) 


The side of a large square is 5,000,000 times the distance of the earth from the 
sun. The radius of the concentric circle corresponds to a parallax of 071 (2,062,650 
astronomical units). To cross the circle light must travel for sixty-five years. 
Small circles contain typical variables; the small square, variable No. 37. If the 
sun were situated at the center, the Hyades would be at the distance of the triplet 
at the bottom of the picture; Sirius would be at the distance of the black cross 
near the center. A star of the luminosity of Sirius is indicated by the arrow- 
point. Stars of our sun’s brightness are nearly two magnitudes too faint to 
appear on the photograph. 
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items relative to the method of investigation, comparative accuracy, 
maximum luminosities, and the frequency of giants. 

2. The study of the distribution of clusters in space brings out 
a number of remarkable features (cf. sec. II), the most significant 
of which appear to be the absence from the denser stellar regions 
of globular clusters and the final proof that they are subordinate 
to the general galactic system. The center of the system of 
globular clusters is found, with some uncertainty in one co-ordinate. 
A discussion of the part played in a general theory by the distribu- 
tion of clusters is postponed to a following paper. 

3. The derivation of parallaxes has permitted the. discussion of 
the actual dimensions of clusters and a comparison with familiar 
distances near the sun. Plate IV sufficiently summarizes the result 
for a typical system, Messier 3, whose distance from the earth is 
of the order of 250,000 million million miles. The total mass of a 
typical globular cluster is estimated to be from a quarter to a half 
of a million times the solar mass, with much uncertainty as to the 
upper limit. 


Mount WILSON SOLAR OBSERVATORY 
December 1917 











ALPHA CENTAURI AS A SPECTROSCOPIC BINARY 
By JOSEPH LUNT 


Alpha Centauri has received a very large amount of attention 
from double-star observers since Lacaille first measured the posi- 
tion, angle, and distance of the companion in 1752. The stars 
have made two complete revolutions since Lacaille’s first measures, 
and their orbits have been investigated by many astronomers. In 
1893 T. J. J. See,’ then of the University of Chicago, and Dr. A. W. 
Roberts,” of Lovedale, South Africa, published the elements of the 
orbit independently. In the words of the latter ‘the results are 
almost identical . . . . but as the two sets of elements are inde- 
pendent of each other and were obtained by very different methods, 
the coincidence can only indicate that the elements found are very 
near the truth.” 

In Fig. 1 the orbits of the two stars are shown according to 
Roberts’ elements, the ascending and descending nodes being 
inserted in their proper positions derived from later spectroscopic 
observations. 

The continuous-line ellipse and the right-hand scale, as well as 
the concentric circles and arcs, refer to the orbit of the fainter star 
(ax;) with respect to the brighter star (a,) regarded as fixed in the 
center of the concentric circles. 

The left-hand scale and the two ellipses taken together refer 
to the two stars as moving around their common center of mass 
situated at the center of the concentric circles, the longitudes from 
periastron at any instant being the same for both stars. 

V., at longitudes 57° and 199°, indicates the positions in the 
orbits where the orbital radial velocity becomes zero, and the 
ascending nodes are the positions in the orbits where the receding 
radial motion becomes a maximum. The right-hand side of the 
diagram is therefore the near side, and the left the far side, of the 


* Monthly Notices, 54, 115, 1893. 
2 Astronomische Nachrichten, 133, 106, 1893. 
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orbits in space. The small figures represent longitudes from 
periastron in the orbits. 

The figure has been drawn on the assumption of equal masses 
for the two stars. Roberts’ gives the masses as a,:a;= 51:49 2 
per cent. As the radial velocities are not appreciably affected at 
present by adopting 51:49 instead of equal masses, the latter 
value has been used throughout, as the greatest difference will be 
only o.1 km in the positions of the maxima and minima of the 
velocity-curves. 

Assuming a, and a, to be of equal mass, the semiamplitude of 
the velocity-curve’ for both stars is 


149500000 a 7 sin 7 


305.25 X 86400 4” PV 1—e? 


in nomenclature of spectroscopic binaries. The required data are 





Roberts See Doberck* 
qemeimmmmemmerys een Oo e 
vn Peis wes 17-71 17-705 |} 18-165 
4 ° , Ld ane , 7 —— , 
Bi sine O25 79 21°36 79 4424 | 70°19 
ian tcr ce 819185 81Y07 | 839565 
ie er 0.52865 | 0.52 | 0.52252 


* Astronomische Nachrichten, 139, 273, 1896. 


Adopting Gill and Elkin’s? value of the parallax, 0” 75, the values of 
K are 


Roberts’ elements 5.012 km/sec. 
See’s = 4.993 “ 
Doberck’s “ 4.o73 “ 


The following elements based on Roberts’ orbit have therefore been 


adopted 
P=29,652 days = 81718 


T=J.D. 2406150= 1875.71 


° 
Q2= 52 
wo” 5 m 
a,= 232 
e=0. 52865 
K=5.00 km/sec. 
t Astronomische Nachrichten, 139, 10, 1896. 


2 See Campbell, Astrophysical Journal, 21, 176, 1905. 
3 Memoirs of the Royal Astronomical Society, 48, 188, 1884. 
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The orbital radial velocities of the stars will be: 


a2: 
a:: 


V,=+1.63 km/sec.+4;° cos (v+52°) 
V,=—1.63 km/sec.+4,* cos (v+232°) 


where v is the true anomaly and +1.63=Ke cos w. 


The orbital 


velocities at intervals throughout the paths have been computed 


and are given in the fourth column of Table I. 


Eliminating the 


orbital velocities from all the available observed radial velocities 
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given in Table II results in the weighted mean of the 
the velocity of the system, 


Vo=— 21.64+0.008 km/sec. 
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28 values for 


Combining this value with the orbital motion gives the velocity 
ephemeris for the two stars found in the fifth and sixth columns of 


Table I and the velocity-curves of Fig. 2, where 


J.D. = 2406150+2%832m 
(m=mean anomaly). 
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REAL MOTION IN SPACE 


Roberts' gives the following values for the annual proper motion: 


In R.A. — 7" 291 0.032 (1880) 
In Dec. +0.750+0.005 (1880) 


The proper motion is therefore 3”685 toward 281°45’, the com- 
ponent in R.A. being —37608 and in Dec. +0775. The correc- 
tion for the solar motion to proper motions in R.A., expressed in 
seconds of arc on a great circle, = —3”656 7 cos a, and in Dec. = 
+3656 @ sin a sin 6 +2”111 m cos 6, where = is the star’s parallax 
and +3”’656 and —2’111 are the apparent proper motions, in 
R.A. and Dec. respectively, of a star with a parallax of 1”’ at o* in 
the equator, due to the solar motion assumed to be 20 km/sec. 
toward 18 and +30. 
The corrected proper motions are therefore, 


In R.A. — 3608 In Dec. +0!750 
+2.165 +2.245 
—1.443 + 2.995 


which combined give a corrected proper motion of 3”325 toward 
334 16’ (1880), 


3.685 - 4 a = 23.27 km/sec.= apparent proper motion 


-73 , 
3.325 ° 4-737 5;.00 “  =corrected proper motion 
T 





2.27 “  =solar component 


where 4.737=the velocity across the line of sight, in kilometers 
per second, of a star with r=170 and proper motion=1’0. The 
correction to radial velocities for the solar motion 


AY AZ 
7] ._. . — ee So 
3460. 185 3460.185 
=0.0050055n—0.00280¢. 





* Astronomische Nachrichten, 139, 10, 1896. 


| 
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where AY and AZ are the reversed components of the solar motion, 
i.e., toward 6" and —30° respectively, expressed in kilometers per 
second; »=—c sina cos6 and {=—e sind; c and 3460. 185 =the 
factor for converting astronomical units per twelve hours into 
kilometers per second. 

Adopting the value — 21.64 km/sec. for the radial velocity of 
the system with respect to the sun, and the solar-motion correction 
— 3.41 km/sec., the real motions are 


Radial — 25.05 


Combined 32.7 km/sec. 
Transverse 21.00 


The system of a Centauri is therefore approaching the sun in a 
direction inclined 40° to the line joining the sun and star, with a 
velocity of 32.7 km/sec., regarding the sun as stationary. Com- 
bining the sun’s motion, the velocity becomes 31.8 km, and the 
angle 47°. 

Alpha Centauri has been under observation spectroscopically 
only since 1904, and only a small part of the velocity-curve has 
been determined by observation. In Table II are collected all the 
observations available. It is self-explanatory. 

Table III gives the individual measures not previously pub- 
lished, compared with the computed velocities. 

The velocity-curve from See’s elements in the region of the 
spectroscopic observations is practically identical with that from 
Roberts’ elements, and that from Doberck’s elements differs 
only from one- to two-tenths of a kilometer for the same region, 
Doberck’s negative velocities being slightly larger for a. . 

The observations for a, Centauri given in Table II may be 
arranged in the groups indicated by brackets, in which the indi- 
vidual results are accordant. 

The accordance within the groups is quite satisfactory, but the 
groups differ from each other somewhat markedly; they lie within 
a zone 3.28km wide, with the velocity-curve almost central. 
Whether the divergencies from the theoretical velocities are due to 
instrumental causes or represent real changes has not been deter- 
mined. The later measures show a distinct tendency to be too 
low, the mean difference O—C for the plates given in Table III 
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being —o.97 and —o.41 km per second for a, and a, respectively. 
The velocity of the system adopted, viz., —21.64km, gives 
velocities agreeing with Wright’s 1904 observations almost exactly 
but is half a kilometer higher than his later value — 22.18 km." 

It will be seen from the figures that the distance between the 
two stars is slowly decreasing until 1937.6, when they will be 4” 
apart; the distance will then increase until 1951, when they will 
be over 10” apart, after which time the distance will diminish to 
less than 2” in 1950. 

The difference of radial velocity is gradually diminishing and 
will be zero in 1927, when spectroscopic observations will be very 
desirable, as both stars will have the radial velocity of the system. 
After that date the difference of radial velocity will rapidly increase 
until 1953, when the difference will be over 13 km/sec. 


Royat OBSERVATORY, CAPE OF Goop HopE 
May 16, 1918 


t Lick Observatory Bulletin, 6, 27. 














THE NATURE OF A SUPPOSED VARIATION IN THE 
SOLAR ROTATION IN 1og15 


By RALPH E. DELURY 


In a brief note’ evidence was presented which indicated that the 
conclusion? drawn by Mr. H. H. Plaskett “‘that the sun, during 
the summer of 1915, underwent a cyclic variation in its rotation 
rate of o.15km .... completed in about a month,” was not 
justified, and that this variation in spectroscopic measurements 
of the velocity of rotation of the sun’s equatorial limbs might be 
due to changes in terrestrial haze. Mr. Plaskett has criticized* 
this explanation without testing my suggestion that remeasure- 
ments or an analysis of old measurements should show (on account 
of the presence of blended spectrum of haze in the observations in 
question) smaller displacements of weak than of strong spectrum 
lines, particularly on the days when the lowest values of the rate 
of rotation were obtained, i.e., on the days of greatest haziness. 
In what follows new evidence confirming this explanation is given 
along with an elucidation of the criticisms, which are referred to 
by their numbers. 

1. From a considerable number of observations with respect to 
haze Mr. Plaskett selected three of my observations, implying that 
these were all I had made. He places these observations of 
obviously changed conditions beside his measurements of plates 
made some hours previously, implying in the words “low” and 
“high” that the haze explanation has been contradicted, thus: 


During the period under consideration, namely, June 21 to August 16, 
DeLury made three entries in the observation book with reference to haze: 


SS WE EE bc so dkbe es Seu tue b0n00eees eee V=1.911 (low) 
Se Shs «gens Kb tds de csenaboacsstad V=1.975 (high) 
August 16, “Bright, some water-vapor haze”......... V=1.0977 (high) 


t Astrophysical Journal, 44, 198, 1916. 
2 Tbid., 43, 156, 1916. 3 Tbid., 45, 144, 1917. 
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Instead of this he should have adopted the logical procedure 
of juxtaposing as follows his own observations with reference to 
haze and the respective values of the velocity of rotation, finding 
in accordance with the haze explanation that low values of the 
measurements of solar rotation are associated with haze and higher 
values with “‘no haze,” thus: 


V in km per sec. 


June 24, “B, 3-4, A little haze near sun”’....... ree Cre 1.846 
Ee Sta dekeen 1.893 
Ns cies csc ccebececs eer. 
July 23, “B, 4-5, Positively no haze”.......... ety eras 2.003 
August 16, “B, 4, Practically little or no haze”... .. eects. 


That he committed an error in setting his measures of rotation 
over against my records of changed conditions made later in the 
day is apparent from a consideration of Table I, where his and my 
measurements for these three selected days are associated with 
their respective records of brightness, the observations being in 
harmony with the haze explanation. 

















TABLE I 
PLASKETT DeLury 
DaTE xe | Ts | 7 
. 3 - m | ime . ; ao 
Time Brightness | per sec. Brightnes A | per sec. 
une 21....| 6:45— 8:00 | 4 | I.Qrr 10: 18-10: 38 | Bright : 6450 | 2.007 
jun Ir....| 7:00- 7:19 | 4, “then hazed up” | 1.975 9:26-10:58| Very hazy, cirrus clouds; 5900 | 1.785 
} | 11:37-11:49| Brighter, still hazy 5600 | 1.805 
August 16..| 8:40-11:49 | 4, “practically little} 1.977 | 12:47-12:54| Bright, some water- 

| orno haze”’ vapor haze | 5600 | 1.9390 





It is significant that on June 21, when he obtained a value of 

1.911 km per sec.—one of the low values in the “cyclic variations’ — 

I obtained a few hours afterward 2.007 km per sec., a value about 

equal to the maximum values in the supposed variation. Prob- 

ably the record “Bright” indicated a greater brightness than | 

“B, 4” of that date. | 
On account of the haze which developed after Plaskett’s plates 

were taken on July 11 and which remained throughout my observa- 

tions these latter (14 plates at \ 5900 and 7 at Xd 5600) yield 

decidedly lower values than his. 
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On August 16, probably on account of the presence of ‘‘some 
water-vapor haze,” my observations (7 plates at \ 5600) yield a 
value 2 per cent lower than his. 

All these results are ascribable to different degrees of haziness 
in accordance with the records. Further details are given in 
Table II. 

Regarding his record of brightness Mr. Plaskett states: 


5 represents a very brilliant day—rare in Ottawa. 
4 represents a bright day—normal observing weather. 
3 represents a day slightly hazy. 


These statements are self-contradictory, presuming that such 
different degrees of brightness postulate different degrees of hazi- 
ness. On no day was haze absent. At that time our records of 
observing conditions were incomplete in that no account was kept 
of the strength of the spectrum of haze. During the past two 
years on no day has it been impossible to see the lines in the spec- 
trum from haze just outside the solar limb (at A 5600, third order, 
7m auto-collimating [5 cm X8cm] grating spectrograph, slit 
0.05 mm, fed by the 45 cm concave mirror, 24.5 m focus). Usually 
the lines are distinctly visible. Again he states, “Plates taken on 
days hazier than 3.5 were mot measured.” This is a misreading of 
the record, as 14 of the 111 plates measured by Plaskett were taken 
at recorded brightness ‘“‘3.”’ 

Plaskett also asserts: ‘‘The record, if it shows anything, shows 
that in general high values were obtained on hazy days and low 
values on brighter days, in direct contradiction to DeLury’s 
statement.”’ 

That this conclusion is fallacious is seen from the following 
complete summary of his observations (though it is something to 
have the admission that there were hazy days). The measure- 
ments of the 111 plates may be grouped with regard to brightness 
“‘above normal,” “normal,” and ‘‘below normal,”’ using Plaskett’s 
definition of a normal day given above: 


s km per sec. 
19 plates, B, “5” and “4-5,” mean velocity................. 1.075 
50 plates, B, “4,” i.e., “normal,” mean velocity............. 1.958 


42 plates, B, “3-4” and “3,” mean velocity................ 1.942 
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It may be noted that 42 of the 111 plates were made on days of 
brightness below ‘normal,’ i.e., on days of haze presumably above 
normal. Also 43 of the 111 plates were taken at brightnesses 
recorded as ‘‘4-5”’ and ‘‘ 3-4,” terms so vague as to indicate either 
uncertainty in the estimates of brightness or varying degrees of 
haziness. When such uncertainty in the records exists, the support 
which the summary gives to the haze explanation is as satisfactory 
as can be expected. 

The 19 plates of the first group include 15 at “B, 4-5,’ mean 
velocity 1.989 km per sec., and 4 at “‘B, 5,” mean velocity 1.919 km 
per sec. The accuracy of this high record of brightness (the only 
one of “B, 5”’) may be questioned, as it was the first made (on 
July 9) by Plaskett after the three mirrors of the coelostat telescope 
had been freshly plated (July 7), and it is probable that the much 
brighter image of the sun produced as a consequence gave the 
observer an exaggerated impression of the clearness of the sky. 
If the day were in reality hazy, then the plates should satisfy the 
criterion for blended spectrum of haze. I have measured the 4 
plates and find a difference of 0.054 km per sec. between the values 
of the velocity of rotation deduced from groups of weak and of 
strong spectrum lines—a difference which may be interpreted as 
indicating the presence of a considerable degree of haziness (see 
Table II). Hence it is reasonable to suppose that record “B, 5” 
for the brightness during his observations on July g is too high 
relative to the other records and for the cause indicated. 

From the foregoing summary of his records and measurements 
it is quite evident that the following statement which appears in 
his original paper (p. 147) is not justified: ‘‘Observations were 
never made except on days that were free from haze.”’ 

2. Mr. Plaskett states in his note: ‘“‘DeLury bases his discus- 
sion on plates made on two dates, June 24 and July 20, which are 
described as ‘Hazy’ and ‘Bright,’ apparently from memory, 
as it is not so recorded in the observation book.”’ 

On June 24 he recorded “B, 3-4, a little haze near sun,” at 
7:40 A.M. before his two observations, and “B, 3-4” at 9:10 A.M. 
after these observations. Memory need not be appealed to for the 
description “‘Hazy”’ for these conditions. On July 20 he recorded 
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“Bright (4)”’ three times for intervals 6:23-7:08, 8:03-8:24, 
and 8:38-8:43 A.M.; also, ‘‘No haze.’ I observed from 9:54- 
10:11 A.M., allowing these records to stand until a change occurred 
just after this, when I recorded that it ‘clouded up.” Hence the 


9 


term “Bright”’ is justified, ‘‘4” representing, according to him, 
“bright day, normal observing weather.” 


a 


In the following two misstatements are made: “On June 24 
DeLury’s plates were taken through clouds whose presence he 
notes in the observation book, whereas the writer’s plates, exposed 
earlier, were taken with a clear sky.”’ On this date my measured 


plates at \ 4230 were taken at 10:18-10:54 A.M., and though 


I 


made observations up to noon I did not record “‘clouded up” until 
afternoon. Absolutely no mention of clouds was made before 
noon, so that the statement that my “plates were taken through 


’ 


clouds’ 


is not correct. Also, as shown above, on June 24 he 


described the conditions as “‘a little haze near the sun” and “‘B, 
3-4,” so that the term “clear sky” by his own definition is incorrect. 

In addition to the direct statement of the records as to the 
relative brightness of the two selected dates, June 24 and July 20, 
remeasurements of my plates at \ 4230 and measurements by myself 
of his plates at \ 5900 yield further confirmation of my explanation, 
for on June 24 the differences between groups of measurements of 
weak and strong lines are greater than for the same lines on July 20, 
pointing to a greater degree of haziness on the former date (see 




















Table II). 
TABLE II 
Velo- Velo- | Differ- 
. . No. of | No. of | Me@” |city in| No. of | Mean city inlence in 
Date Time Brightness Plates| ” ines ry > | tines —— = | Velo 
| SICY per sec! | SICY per sec| city 
June 24| 8:17-9:10 | 3-4 | 2 | S900 eo) ee 1.760 3 Ir 1.855) 0.095 
10:18-10:54 |..... sioeveicesecses 7 4230 2 | 2.5 | 2.724} I 20 1.857) 0.143 
uly 9| 8:03- 8:22 | 5 (mirrors replated) 4 | 5900 Ir | 3.7 | 1.888 3 II 1.942) 0.054 
uly 11} 10:25-10:58 | Very hazy _ | 34 5900 rz | 3.7 | 2.767 3 II 1.852) 0.085 
11:37-11:49 | Brighter, still hazy 7 5600 3 | 0.3 | 1.783 3 | 5.3) 1.826) 0.043 
July 20} 6:23- 8:03 | 4, no haze 4 5900 Ir | 3.7 | 1.904| > ae 2.022) 0.028 
EY oe C2 $l Dee | 5 | 4230 2 2.5 | 1.982! I 20 2.004) 0.022 
Aug. 16 | 12:47-12:54 | — water-vapor | 7 | 5600 3 ©.3 | 1.9390 3 5.3| 1.939] 0.000 
ze | | 
| | | | | 





| 
| 
| 
| 





Table II gives in detail the new measurements discussed above. 
They are all in harmony with the haze explanation. (My 14 plates 
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at X 5900, July 11, yielded a velocity of —o.006 km per sec. for 
the means of 4 atmospheric lines, showing that little error need be 
feared when the proper precautions in focusing the plate and in 
illuminating the grating evenly are taken.) 

Regarding the possibility of errors of measurement in the results 
given in my note Mr. Plaskett says: ‘‘ The difficulties of measure- 
ment of broad lines increase the errors and chances of preposses- 
sions, especially with an observer whose last published measures 
show a probable error for even well-defined lines of 0.06 km, i.e., 
of the same order as the differences measured.” 

There are no “‘chances of prepossessions,”’ for in all of my 
spectroscopic measurements there is used a movable mask,’ which, 
by permitting only one strip of spectrum to be seen at a time, keeps 
hidden not only the magnitude but also the direction of displace- 
ment of the spectrum lines being measured. 

In the series referred to the average probable error was 0.052 km 
per sec. (not 0.06), and in this very series numerous repeated 
measures of a certain plate have previously shown that about half 
of this “‘probable error of a single line” is due to actual differences 
for different lines on the plate. Also the plates used in the 
series referred to are of coarser grain and the definition of the 
lines is poorer than for the plates at \ 4230, referred to in my 
note. 

In Table II are given the means of six measurements of the 
latter plates (A 4230, June 24 and July 20), including the single 
measures reported in my note—three violet right and three violet 
left. The former single measure differs from these means by 0.002 
and 0.013 km per sec. for the Fe lines, and 0.063 and 0.021 km 
per sec. for the broad Ca line; or, expressed in millimeters, these 
quantities are 0.0001, 0.0005, 0.0024, and 0.0008. The differ- 
ences in velocity between the Ca and the Fe lines, namely, 0.143 
and 0.022 km per sec., point to an even greater effect of blended 
spectrum of haze than was supposed from the differences 0.082 
and 0.014 km per sec. given in the previous note. 

It bears strictly on the whole question to compare these differ- 
ences, based on measures of a single broad line, with Mr Plaskett’s 

* Journal of the Royal Astronomical Society of Canada, §, 405, 1911. 
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two-way measurements of five solar lines on 111 plates, which when 
repeated yielded an average difference between the means of 
©.055 km per sec., of which differences 18 exceeded 0.100 km per 
sec. and 6 have a mean of 0.152 km per sec. of the same magnitude 
as the “cyclic variation of o.15 km per sec.” 

The differences derived from the means of the new measure- 
ments of the A 4230 plates of June 24 and July 20 effectively annul 
the following argument (even if we overlook the fact that it is 
fallacious to argue as he has done from my measurements’ at \ 5200 
to those of other lines at \ 4230 without previously comparing the 
extent of the change in character of the two sets of lines in passing 
from the center of the solar disk to the limbs): 


The measures show evidence, according to the criterion of varying velocity 
for different line intensity, of about 8 per cent haze. This, on his own hypoth- 
esis, should produce about an 8 per cent difference in velocity on the two 
dates. The difference in mean velocity is actually 12 per cent, leaving a 
4 per cent change in velocity to be accounted for. 


3. The arguments as to the differences in value of the rotation 
for low sun and slightly higher sun are based on “ meager and incon- 
clusive”’ data, and the quantities derived are so very small (a few 
thousandths of a km per sec.) that they are without meaning when 
such large errors of measurement are present. A very large series 
of observations of the solar rotation from early morning to late 
afternoon would give evidence as to the daily development (usually 
increasing at Ottawa) of haze during that day, and if many days 
were likewise considered a valuable statement could be made as to 
the daily development of haze at the locality of the observations. 
No such measurements could possibly cast doubt on the haze 
explanation unless at the same time contradictory evidence of 
the changes in haze were obtained by other reliable means. 

It may be said, in conclusion, that the facts presented above 
make the claim that the sun’s rate of rotation varied in 1915 seem 
very unreasonable. All others who have made spectroscopic 
investigations of the solar rotation have found variety in their 
measures, and some have suggested the possibility that the rate 


* Astrophysical Journal, 44, 184, 1916. 
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varied, e.g., C. A. Young,’ Halm,? Evershed and Royds’, St. John, 
Adams, and Ware. However, Halm’s low values in 1902-1903 can 
be readily accounted for by the haziness produced by the volcanoes 
in the West Indies in 1902, which caused a marked lessening in the 
values of solar radiation. The low values obtained in 1912-1913 by 
Evershed and Royds may have been due to the Katmai eruption 
in June 1912, which also caused a great lessening in the measures 
of solar radiation. The low values of rotation obtained at Mount 
Wilson and Ottawa in 1915 also seem to synchronize with low values 
of radiation, i.e., it may be presumed, with high values of haziness. 
Apart from haze various instrumental and physical causes produce 
variations in the measurements of solar rotation. When the effects 
of all known causes (haze, local convections in the sun, errors of 
measurement, etc.)5 are eliminated or accounted for, it probably 
will be possible to assert that the rate of the sun’s rotation does 
not appreciably vary. 

The foregoing may be summarized briefly as follows: 

1. The arguments which Mr. H. H. Plaskett advances (in his 
note criticizing my explanation of his observations of a supposed 
“‘cyclic variation” in the sun’s rate of rotation in 1915, as due to 
variations in terrestrial haze) are based on fallacious use, or inaccu- 
rate statement, of the records and the measurements. 

2. A synopsis of Mr. Plaskett’s record of observations and 
measurements of the solar rotation supports the conclusion that 
in general high values of the rotation were obtained during brighter 
conditions and low values during hazier conditions. 

3. Measurements of Mr. Plaskett’s plates, as well as of mine, 
satisfy the criterion of blended spectrum of haze in agreement with 
the record of observational conditions. 

4. The known terrestrial sources of blended spectrum offer a 
reasonable explanation of the supposed variation in rotation, so 


* The Sun (1882), p. 100. 


2 Transactions of the Royal Society of Edinburgh, 41, 89, 1904; and Astronomische 
Nachrichten, 173, 287, 1906. 


3 Monthly Notices, 13, 554, 1913. 
4 Popular Astronomy, 23, 641, 1915. 
5 DeLury, Astrophysical Journal, 44, 178, 1916. 
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that it is unnecessary to employ the hypothetical element of my 
explanation, which supposes an interplanetary or solar source of 
blended spectrum. 

5. At present there is no sound reason for believing that the 
rate of the sun’s rotation is variable. 

I wish here to thank the director, Dr. Klotz, for his approval 
of the publication of this note. 


SOLAR Puysics Division 
DOMINION OBSERVATORY, OTTAWA 
May 1918 








ERRATA 


Vol. 44, November 1916, “On the Orbits of the Spectroscopic Binaries a 
Orionis and a Scorpii,” by Joseph Lunt: 
Page 251, ninth line, for what read that. 
257, Table II, last column, third entry, 0.00 align with Mean, 
2 plates. 


. 46, September 1917, “Preliminary Examination of the Planetary Nebulae 
for Preferential Motion,” by C. D. Perrine: 
Page 176, tenth line of Table II, for B, vS read B, S 


. 46, November 1917, “Relation to Proper Motion of Preferential Motion 
and of the Progressions of Spectral Class and Magnitude-Velocity,” by 
C. D. Perrine: 


Page 278, eighth line, for B. Boss read Lewis Boss. 


. 48, July 1918, “The ‘Astronomical Atom’ and the Spectral Series of 
Hydrogen,”’ by Fernando Sanford: 
Page 6, equation (8), 


ene « 10-6 
for R=3993 * 10 read . =3.503* 10° 
VX VA 


. 48, September 1918, ‘““The Absorption of Near Infra-Red Radiation by 
Water-Vapor,”’ by W. W. Sleator: 


Page 127, in legend, for scale 1 to 5 read scale 1 to 9. 








